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CLOCK SYNCHRONIZATION USING
CORRELATION EVENTS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of and priority to U.S.
patent application Ser. No. 12/142,748, entitled “Clock Syn-
chronization Using Correlation Events”, filed Jun. 19, 2008

by Erez Haba, the entire contents of which are expressly
incorporated by reference.

BACKGROUND

Clocks are used 1n various computational and electronic
devices 1n many different applications. Many functions use
timestamps to log activities and may use clocks to schedule
various functions for future execution. Many applications
may use messaging to communicate between two different
devices and to coordinate activities between the two devices.

Clocks on different devices may be subject to many differ-
ent factors that may cause one clock to vary with respect to the
other. Even between two 1dentical devices, factors such as
power level and temperature may cause one clock to vary with
respect to another. Many clocks will inherently differ due to
differences 1n the underlying circuitry, sensing techniques, or
control circuitry.

Coordination of one clock with respect to another may be
useiul when analyzing the overall operation or performance
of a system that has multiple devices.

SUMMARY

Two clocks may be synchronized by calculating skew and
olfset values that may be determined from several correlation
events. A correlation event may be the passing of messages 1n
both directions between the two devices. The skew and offset
values may be used to determine the time of non-correlated
events. The clock synchronization may be performed on areal
time basis or may be performed on a post processing basis.
One method for calculating the skew and offset may use
inequalities within a solution space to refine a solution set
with multiple sets of correlation events.

This Summary 1s provided to mtroduce a selection of con-
cepts 1n a simplified form that are further described below 1n
the Detailed Description. This Summary 1s not mtended to
identily key features or essential features of the claimed sub-
ject matter, nor 1s 1t intended to be used to limit the scope of
the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings,

FI1G. 1 1s a diagram illustration of an embodiment showing
a system with two clocks.

FI1G. 2 1s a diagram 1llustration of an example of a timeline
showing correlated events.

FI1G. 3 1s a graph 1llustration of an example of a solution set
for a synchronization analysis.

FIG. 4 1s a flowchart illustration of an embodiment show-
ing a method for defining and using a set of linear correlation
constants.

DETAILED DESCRIPTION

Correlated events may be used to determine and refine a set
of constants that may describe one clock with respect to
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another. A correlated event 1s any event that correlates one
clock with respect to the other. A clock on a remote device
may be expressed using skew and oflset constants as a linear
variation of a baseline clock.

An example of a correlated event 1s amessage that 1s passed
from one device to another, and where a send time and
received time may be included in the message or may be
derived from a log file or some other source. The send time
may use the sending device’s clock and the received time may
use the receiving device’s clock. From the fact that the mes-
sage originated at one device and was later recerved by the
second device, the timestamp of the second device may be
considered to be later than the timestamp of the sending
device, setting up a first inequality. A return message may
have a timestamp from the second device that 1s earlier than
the timestamp of the first device, setting up a second 1nequal-
ty.

The two inequalities may be used to bound the set of
solutions for an expression of the differences between a clock
on the first device and a clock on the second device. As more
and more correlated events are analyzed, the set of solutions
may be further refined. The area of the bounded solutions may
be used as an expression of accuracy for the set of solutions.

Clocks may be synchronized after the fact using log files or
other records to express one clock with respect to another. In
some embodiments, the synchronization analysis may be per-
formed on an ongoing or real time basis.

Clocks may be used to create timestamps 1n various fash-
1ions. In some cases, an application layer service may include
a timestamp on a message transmitted to another device. For
example, an email application may include a timestamp 1n an
email message. In another embodiment, a transport layer
service may create and apply a timestamp. An example may
be a TCP service that may timestamp outgoing packetized
messages. In some mstances, a timestamp may be applied at
a network layer, such as an Internet Protocol service that may
apply a timestamp to a message.

Some embodiments may analyze timestamps that are
inherent 1n various processes that occur, such as a TCP service
that timestamps messages. Other embodiments may create
timestamps specifically for the correlation of one device’s
clock to another device’s clock.

Some embodiments may include timestamps 1n a message,
a message header, or some other message related area. Other
embodiments may derive a timestamp from another source,
such as a log file or other historical information.

One typical use for correlation messages 1s with a message
passing interface. A message passing interface may be a com-
munication protocol used with parallel computers. A message
passing interface may be an application programmer inter-
face that contains protocol and semantic specifications that
may be used 1n high performance computing.

Throughout this specification, like reference numbers sig-
nify the same elements throughout the description of the
figures.

When elements are referred to as being “connected” or
“coupled,” the elements can be directly connected or coupled
together or one or more intervening elements may also be
present. In contrast, when elements are referred to as being
“directly connected” or “directly coupled,” there are no inter-
vening elements present.

The subject matter may be embodied as devices, systems,
methods, and/or computer program products. Accordingly,
some or all of the subject matter may be embodied 1n hard-
ware and/or 1n soitware (including firmware, resident soft-
ware, micro-code, state machines, gate arrays, etc.) Further-
more, the subject matter may take the form of a computer
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program product on a computer-usable or computer-readable
storage medium having computer-usable or computer-read-
able program code embodied 1n the medium for use by or 1n
connection with an instruction execution system. In the con-
text of this document, a computer-usable or computer-read-
able medium may be any medium that can contain, store,
communicate, propagate, or transport the program for use by
or in connection with the istruction execution system, appa-
ratus, or device.

The computer-usable or computer-readable medium may
be, for example but not limited to, an electronic, magnetic,
optical, electromagnetic, infrared, or semiconductor system,
apparatus, device, or propagation medium. By way of
example, and not limitation, computer readable media may
comprise computer storage media and communication
media.

Computer storage media includes volatile and nonvolatile,
removable and non-removable media implemented in any
method or technology for storage of information such as
computer readable instructions, data structures, program
modules or other data. Computer storage media includes, but
1s not limited to, RAM, ROM, EEPROM, flash memory or
other memory technology, CD-ROM, digital versatile disks
(DVD) or other optical storage, magnetic cassettes, magnetic
tape, magnetic disk storage or other magnetic storage devices,
or any other medium which can be used to store the desired
information and which can accessed by an instruction execus-
tion system. Note that the computer-usable or computer-read-
able medium could be paper or another suitable medium upon
which the program 1s printed, as the program can be electroni-
cally captured, via, for instance, optical scanning of the paper
or other medium, then compiled, interpreted, of otherwise
processed 1n a suitable manner, 11 necessary, and then stored
In a computer memory.

Communication media typically embodies computer read-
able structions, data structures, program modules or other
data in a modulated data signal such as a carrier wave or other
transport mechanism and includes any information delivery
media. The term “modulated data signal” means a signal that
has one or more of i1ts characteristics set or changed in such a
manner as to encode information in the signal. By way of
example, and not limitation, communication media includes
wired media such as a wired network or direct-wired connec-
tion, and wireless media such as acoustic, RF, infrared and
other wireless media. Combinations of the any of the above
should also be included within the scope of computer read-
able media.

When the subject matter 1s embodied 1n the general context
of computer-executable instructions, the embodiment may
comprise program modules, executed by one or more sys-
tems, computers, or other devices. Generally, program mod-
ules include routines, programs, objects, components, data
structures, etc. that perform particular tasks or implement
particular abstract data types. Typically, the functionality of
the program modules may be combined or distributed as
desired 1n various embodiments.

FIG. 1 1s a diagram of an embodiment 100 showing a
system with two clocks. Embodiment 100 1s a simplified
example showing devices that may be synchronized using
correlated events.

The diagram of FIG. 1 1llustrates functional components of
a system. In some cases, the component may be a hardware
component, a software component, or a combination of hard-
ware and software. Some of the components may be applica-
tion level software, while other components may be operating,
system level components. In some cases, the connection of
one component to another may be a close connection where
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two or more components are operating on a single hardware
platform. In other cases, the connections may be made over
network connections spanning long distances. Each embodi-
ment may use different hardware, software, and interconnec-
tion architectures to achueve the functions described.

Embodiment 100 1s a simplified 1llustration of devices 102
and 104 thatmay each have a clock 106 and 108, respectively.
In many cases, the clocks 106 and 108 may drift with respect
to each other. The difference between the two clocks may be
a linear expression of skew and oflset, and in many cases, the
variation between the two clocks 1s a linear vanation.

The devices 102 and 104 may be any set of devices that
communicate or perform some action that may be used to
correlate one device to another. In a typical usage, the devices
102 and 104 may pass messages back and forth through a
communication path 114. The messages may be any type of
communication where a send event may be timestamped by
the sending device during a sending action and a recerve event
timestamped by a recerving device during a receiving action.
In some embodiments, events may be analyzed after the fact
and the timestamps may be determined by analyzing log files
or other historical archives to determine when an event
occurred. Some embodiment may have the send and recerve
event timestamps carried with the message.

A typical embodiment may be two devices that may com-
municate over some type of network. For example, two com-
puting devices 1n a parallel computing cluster may commu-
nicate using a high speed communication backbone such as a
blade computer chassis. In another example, a company or
large enterprise may have servers located 1n distant divisions
of the company, and the two servers may communicate over
the Internet or other wide area network. In yet another
example, a device may be a cellular telephone or other mobile
device that may communicate with a server or control device
through a wireless network.

When one clock 1s synchronized with another clock, one of
the clocks 1s selected as a baseline or reference clock. A linear
equation with constants for skew and offset may be created to
convert time values expressed by the second clock to time
values from the reference clock.

The synchromization may be performed in real time or may
be performed by analyzing previous events. In a ‘real time’
system, each correlated event may be analyzed prior to other
correlated events occurring. In a ‘real time’ system, the analy-

s1s and updating of the skew and ofifset constants may be
performed 1n response to each correlated event.

For the purposes of this specification and claims, the term
‘real time’ may refer to any embodiment that performs an
analysis of a correlated event prior to the occurrence of
another correlated event. In a typical embodiment, an analysis
system may detect that a correlation event may have occurred,
then an analysis may be performed using data from the cor-
relation event and the linear constants may be updated. Such
an analysis may be an ongoing operation while correlation
events occur.

In a non-real time embodiment, a set of correlated events
may be derived from one or more log files 110 and 112 or
other records. The correlation events may be 1dentified and
analyzed after all of the correlation events have occurred.

Thelog files 110 and 112 are illustrated as being connected
to device 102 and 104, respectively. The log files may contain
entries of various activities along with a timestamp of when
those activities occurred. In many embodiments, the log files
110 and 112 may contain records of events that may be
considered correlation events and other events that may notbe
considered correlation events.
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A correlation event may be any event for which a times-
tamp may derived for an 1nitiation event and a receive event.
The mitiation event timestamp may be with respect to a first
clock and the receive event timestamp may be with respect to
a second clock. The correlation event may have some sequen-
tial characteristics that enable some conclusions about the
timestamps to be drawn. For example, a message sent from
device 102 to device 104 implies that the sending timestamp
occurred before the receiving timestamp. A return message
would mmply that the return sending timestamp occurred
betore the return recerving timestamp. By using the causality
relationship between the timestamps of the two-way message
pattern, the set of constants for a relationship may be
bounded, as will be described below.

Throughout this specification, a correlation event 1s exem-
plified as a message or set of messages being passed between
two devices. In other embodiments, different correlation
events with different causality relationships may be used. A
correlation event may be any event where a {irst device may
sense effects of a second device’s actions, whether or not the
action of the second device was intended to be recerved by the
first.

A timestamp may be created at the time a correlation event
occurs or alterwards. In a message passing example, a times-
tamp may be applied when a message 1s sent or received. A
timestamp may be determined after the fact by identifying a
correlation event and determining when the event took place.
The timestamp for the correlation event may be derived by
analyzing a log file or other information that may contain a
timestamp. Such analysis may be performed at any time after
the correlation event occurred.

In many embodiments, each device 102 and 104 may keep
its own log file of activities. The log files may contain entries
for non-correlated events. After a set of linear correlation
constants are determined, the timestamps for anon-correlated
event may be converted to an equivalent time on the reference
clock. In this manner, non-correlated events may be synchro-
nized.

The clocks 106 and 108 may be related using a set of linear
correlation constants. One set of such constants may be a
skew constant and an offset constant. The skew constant may
be a linear deviation between a reference clock and a second
clock. The offset constant may be the difference between the
two clocks. The skew constant may be multiplied to the
second clock value and the offset may be added to the prod-
uct.

FIG. 2 1s a diagram illustration of an embodiment 200
showing a timeline of correlated events. Embodiment 200 1s
a pictorial graph showing correlation events as they occur
with respect to two different clocks.

A reference clock 202 1s shown as a horizontal line. The
second clock 204 1s illustrated as a non-parallel line offset
from the reference clock 202. The reference clock 202 may be
a clock for a first device and the second clock 204 may be a
clock for a second device. The slope of the non-parallel line
illustration of clock 204 illustrates the drift of the clock 204
with respect to the reference clock 202. The distance between
the reference clock 202 and the second clock 204 illustrates
the offset or time difference between the two clocks.

Message 206 1llustrates a correlation event that begins at
the first device and ends at the second device. Similarly,
message 208 begins at the second device and ends at the first
device. Message 210 begins at the first device and ends at the
second device, and message 212 begins at the second device
and ends at the first device.

The message 206 may begin at time 214 and end at time
216, using the reference clock 202. The end time 216 may
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correlate with time 230 of clock 204. Similarly, message 208
may begin at time 218 and end at time 220, with time 218
correlating with time 232 of clock 204. Likewise, message
210 may begin at time 222 and end at time 224 and message
212 may begin at time 226 and end at time 228. Times 224 and
226 may correspond with times 234 and 236 of clock 202.

Each message or correlation event may be expressed as an
inequality. Because message 206 has a transmit time 214 on
reference clock 202 and a recetve time 230 on clock 204, the
receive time 230 may be inferred to be after transmit time 214.
The time difference between time 214 and 230 may not be
known, since the time difiference may be a function of com-
munication delays, which may be variable.

When an outgoing message 206 and incoming message
208 are used, two inequalities may be used as two sided
bounds for the possible sets of linear correlation constants. As
more and more messages are analyzed, the bounds may be
further limited and refined.

The value of the clock 204 may be expressed with respect
to the reference clock 202 by an expression:

ID:(II $ﬂ)+b

where, t, 1s the time expressed with respect to the reference
time clock, t; 1s the time expressed with respect to the second
clock, a 1s the skew constant, and b 1s the offset expressed as
units of t, for the purposes of this illustration.

In the embodiment 200, the value of a-1 represents the
slope of the second clock 204 with respect to the reference
clock 202. If the slope or skew 1s greater than 1, the lines
diverge as shown. If the slope 1s less than 1, the lines may
converge and cross, then further diverge. The offset value 1s
the distance between the two clocks when t, equals zero.

From message 206, the send time 214 1s less than the
receive time 230. This can be generalized as:

N §

send ‘“receive

when both values use the reference clock. Substituting the
previous expression,

b
Iﬂsend{(rlrecefve ﬂ)_l_b

Similarly,

b
I‘Dr&*cef ve}(rl send 9 )+b

Expressed canonically,

L
(+rlr€ceiv€ o )+b— rﬂsend}o

(1)
(2)

Using these expressions, line in a solution space of {a,b}
may be created. Inequality (1) may limit the values of a and b
to be greater than the line 1t draws. Inequality (2) may limit the
values of a and b to be less than the line 1t draws. The inter-
section of these lines may bound the values of a and b 1n an
upper and lower limat.

As more and more lines are evaluated, the bounds may be
more tightly defined.

FIG. 3 1s a diagram illustration of an embodiment 300
showing an example of a solution set.

Embodiment 300 shows the solution with an a axis 202 and
b axis 204. The a axis 202 1s illustrated starting at zero
because the value of a or skew 1s a positive number. A negative
value of a would indicate that one clock 1s operating in
reverse.

A first mequality may be illustrated by the line 206 that
bounds the values of a and b on the upper side. Line 208
provides a lower bound to the values a and b. Similarly, line
210 provides a second upper bound and line 212 provides a
second lower bound.

(_ rlsend$a)+b_rﬂrecefve}0
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The lines 206, 208, 210, and 212 form a polygon 214 with
the b axis. The polygon 214 may represent the {a,b} pairs that
solve the four mequalities and would be acceptable values.
One mechanism for selecting an acceptable value may be to
calculate the centroid 216 of the polygon 214 as the repre-
sentative value pair. The centroid 216 may also be referred to
as the center of gravity or center ol mass.

In some embodiments, the relative area represented by the
polygon 214 may indicate the relative accuracy of the values
selected. A first polygon that 1s much smaller than a second
polygon may be considered to be more accurate than the
answers derived from the second polygon.

Embodiment 300 illustrates how multiple correlation
events may be combined to refine a solution set. As more and
more correlation events are analyzed, the polygon 214 may be
turther bounded and reduced in size, limiting the area from
which solution pairs {a,b} may be drawn.

Embodiment 300 also illustrates how send and receive
messages may be used together to bound {a,b}. The lines 206
and 210 both 1ndicate upper bounds of the solution set and
may represent messages received from a second device to a
reference device. The lines 208 and 212 may indicate lower
bounds of the solution set and may represent messages sent
from the reference device to the second device. By combining
information from both the sent and recerved messages, a fully
bounded polygon 214 may be created.

FIG. 4 1s a flowchart illustration of an embodiment 400
showing a method for defining and using a set of linear
correlation constants. Embodiment 400 illustrates a method
for 1identitying and analyzing correlation events and bounding
a solution set. A set of linear correlation constants may be
selected and used to translate events in a second clock to a
reference clock.

Other embodiments may use different sequencing, addi-
tional or fewer steps, and different nomenclature or terminol-
ogy to accomplish similar functions. In some embodiments,
various operations or set of operations may be performed in
parallel with other operations, either in a synchronous or
asynchronous manner. The steps selected here were chosen to
illustrate some principles of operations 1n a simplified form.

Embodiment 400 may use the basic methods described 1n
the discussion of embodiments 200 and 300 to determine and
use a set of linear correlation constants.

In some uses, embodiment 400 may be performed on a real
time or ongoing basis. A real time basis may be any embodi-
ment where an analysis of a correlation event may be per-
formed prior to another correlation event. By contrast, a post
processing embodiment may analyze correlation events after
the correlation events have occurred.

In a typical post processing use, one or more log files may
be read in block 402. In some cases, two or more log files may
be combined 1n block 402. In some such cases, log files from
the reference device and the second device may be combined
and read 1n block 402.

Correlation events may be identified in block 404. In a post
processing use, the log files may be analyzed to identily
correlation events. In a typical correlation event, both the
reference device and the second device may timestamp the
event. From the type of event and the characteristics of the
event, one of the timestamps may be determined to have
happened betore the other, setting up an iequality.

In the example of messaging 1n embodiment 200, the send-
ing timestamp 1s considered to be prior to the recerving times-
tamp.

In a real time use of embodiment 400, a correlation event
may be 1dentified 1n block 404 as the event occurs or soon
thereatfter. For example, a daemon or other process may iden-
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tily an incoming message from a second device and 1dentify
the correlation event 1n block 404.

In some embodiments, the correlation events of block 404
may be various events from which a correlation may be
inferred. In other embodiments, the correlation events of
block 404 may be specific events created for the purpose of
correlating the clocks between the two devices.

The messaging example of embodiment 200 1s an example
of events from which correlation may be inferred. The mes-
sages sent 1n embodiment 200 may be any type of message
and may be transmitted using many different mechanisms.
For example, a correlation event may occur through the trans-
mission of an email message. The email message may pass
through several devices such as firewalls, network access
points, message routers, email filters, and other devices which
may create a delay between sending and receiving times-
tamps. The email message may be used as a correlation event.

In another example, a short User Datagram Protocol (UDP)
message may be transmitted between two devices specifically
to determine the clock difference between the two devices.
The UDP message may be faster than the email message of
the previous example and may avoid some communication

delays and processing. Such a UDP message may be specifi-
cally used to create one or more correlation events 1n block
404.

For each correlation event 1n block 406, an mequality for
the solution set may be created 1n block 408 and the 1nequality
may be applied to the solution setin block 410. An example of
the inequality and mapping the mequality to the solution set
was described in the discussion of embodiments 200 and 300.

When embodiment 400 1s performed 1n a post processing
mode, several correlation events may be used to determine the
clock difference between the two devices. The UDP message
may be faster than the email message of the previous example
and may avoid some communication delays and processing.
Such a UDP message may be specifically used to create one or
more correlation events 1n block 404.

For each correlation event 1n block 406, an mnequality for
the solution set may be created 1n block 408 and the 1nequality
may be applied to the solution setin block 410. An example of
the inequality and mapping the mnequality to the solution set
was described 1n the discussion of embodiments 200 and 300.

When embodiment 400 1s performed 1n a post processing,
mode, several correlation events may be 1dentified 1n block
404 and processed in block 406. In a real time mode, corre-
lation events may be processed individually in block 406.

I1 the solution set 1s not bounded 1n block 412, the process
may return to block 404 to identify and process additional
correlation events. Such a determination may be useful 1n a
real time use of embodiment 400.

It the solution set 1s bounded 1n block 412, the centroid of
the bounded area may be determined 1n block 414 and the
solution set may be selected from the centroid i block 416.
Some embodiments may use other mechanisms to select a
solution set pair {a,b} from the bounded area of the solution
set.

If the solution may be further refined 1n block 418, the
process may return to block 404 to identily and process addi-
tional correlation events. In a real time use of embodiment
400, the process may loop back to block 404 continually.

In some embodiments, the determination 1n block 418 may
involve analyzing the bounded area of the solution set. If the
bounded area 1s less than a predetermined area, the solution
may be determined to be acceptable. If the bounded area 1s
greater than a predetermined area, additional correlation
events may be analyzed to further refine the bounded area.
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After the linear correlation constants are determined 1in
block 416, a non-correlated event defined with the second
clock may be selected 1n block 420. The time from the event
in block 420 may be converted to the reference time in block
422 using the linear correlation constants.

The foregoing description of the subject matter has been
presented for purposes of illustration and description. It 1s not
intended to be exhaustive or to limit the subject matter to the
precise form disclosed, and other modifications and varia-
tions may be possible i light of the above teachings. The
embodiment was chosen and described 1n order to best
explain the principles of the mvention and 1ts practical appli-
cation to thereby enable others skilled 1n the art to best utilize
the invention 1n various embodiments and various modifica-
tions as are suited to the particular use contemplated. It 1s
intended that the appended claims be construed to include
other alternative embodiments except insofar as limited by
the prior art.

What 1s claimed 1s:

1. At a device, a method implemented on a processor, said
method comprising:

identifying one or more correlation events occurring

between a first device having a first clock and a second
device having a second clock;

determining that a solution set for an expression of the

differences between said first clock and said second
clock 1s not bounded, the solution set defining a linear
relationship between said first clock and said second
clock based on said one or more correlation events;

in response to determining that said solution set 1s not

bounded:

identifying a further correlation event between said first
device and said second device;

calculating a linear inequality for said further correlation
event; and

including said linear inequality 1n said solution set;

determining that said solution set including said linear
inequality 1s a bounded solution set;
identifying an additional event not being one of said one or
more correlation events, said additional event having a
first timestamp defined by said second clock; and

using said bounded solution set to determine a second
timestamp from said first timestamp, said second times-
tamp being with respect to said first clock.

2. The method of claim 1, wherein calculating a linear
inequality for said further correlation event comprises using a
set of linear correlation constants to calculate said linear
inequality, said of linear correlation constants comprising a
skew constant and an offset constant.

3. The method of claim 2, further comprising;

determining a single point within said bounded solution set

to represent said set of linear correlation constants, said
single point determined based on said linear inequalities
included 1n said solution set.

4. The method of claim 3, said single point being deter-
mined based on a centroid of a bounded area.

5. The method of claim 4 further comprising;:

determining an accuracy factor based on an area calcula-

tion of said bounded area.

6. The method of claim 1, at least one of said first times-
tamp and said second timestamp being determined by a trans-
port layer service.

7. The method of claim 1, at least one of said first times-
tamp and said second timestamp being determined by a mes-
sage passing interface.

8. The method of claim 1, said calculating being done by
post processing.
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9. The method of claim 8, said calculating comprising
comparing a first log file from said first device and a second
log file from said second device to 1dentify at least one of said
one or more correlation events.

10. The method of claim 1, further comprising:

identifying another correlation event between said first
device and said second device;

calculating an additional linear mequality for said addi-
tional correlation event;

including said additional linear inequality in said bounded
solution set to refine said solution set; and

using said refined solution set to improve the accuracy of
determining said second timestamp from said first
timestamp.

11. The method of claim 1, further comprising:

calculating a further linear inequality based on said one or
more correlation events, said linear inequality defiming
said linear relationship between said first clock and said
second clock; and

including said further linear inequality 1n said solution set.

12. A system comprising:

a first clock;

a first communication mechanism configured to send and
receive messages using said first clock;

a clock synchronization mechamism configured to syn-
chronize a second clock from a second device with said
first clock by a method comprising:
determining that a solution set for an expression of the

differences between said first clock and said second
clock 1s not bounded, the solution set defining one or
more linear relationships between said first clock and
said second clock based on one or more messages sent
to and from the first device;
in response to determining that said solution set 1s not
bounded:
identifying a further message mvolving said second
device;
calculating a linear inequality for said further mes-
sage; and
including said linear inequality in said solution set;
determining that the solution set including said linear
inequality 1s a bounded solution set; and
using said bounded solution set to estimate synchroni-
zation between said first clock and said second clock.

13. The system of claim 12, said clock synchromization
mechanism further configured to calculate a set of linear
correlation constants.

14. The system of claim 13, said clock synchromization
mechanism further configured to determine a single point
within a bounded area to represent said set of linear correla-
tion constants.

15. The system of claim 12, wherein said method further
COmprises:

identifying an additional message sent between said first
device and said second device;

calculating an additional linear inequality for said addi-
tional message;

including said additional linear inequality 1n said bounded
solution set to refine said bounded solution set; and

using said refined solution set to more accurately estimate
synchronization between said first clock and said second
clock.

16. The system of claim 12, further comprising:

calculating one or more linear inequalities based on said
one or more messages, said one or more linear inequali-
ties defining said one or more linear relationships
between said first clock and said second clock; and
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including said one or more linear inequalities in said solu-

tion set.
17. A computer program product for use at a computer
system, the computer program product comprising one or
more computer storage devices having stored thereon com-
puter-executable instructions that, when executed at a proces-
sor, cause the computer system to perform a method, includ-
ing the following;:
read a log file to 1dentify one or more correlation events
occurring between a first device having a first clock and
a second device having a second clock;

determine that a solution set for an expression of the dif-
ferences between said first clock and said second clock
1s not bounded, the solution set defining a linear rela-
tionship between said first clock and said second clock
based on said one or more correlation events;

in response to determining that said solution set 1s not

bounded:

12

using said bounded solution set to estimate synchroniza-
tion between said first clock and said second clock.
18. The computer storage device of claim 17, wherein

using said bounded solution set to estimate synchromzation

5 between said first clock and said second clock comprises

10

15

read said log file to i1dentity a further correlation event 2¢

between said first device and said second device;
calculate a linear inequality based on said further corre-
lation event; and
include said linear inequality 1n said solution set;
determining that said solution set including said linear
inequality 1s a bounded solution set; and

determining a centroid for said bounded solution set.

19. The computer storage device of claim 17, wherein said

method further comprises:

identifying an additional correlation event between said
first device and said second device;

calculating an additional linear mequality for said addi-
tional correlation event;

including said additional linear inequality in said bounded
solution set to refine said bounded solution set by reduc-
ing the area of said bounded solution set; and

using said refined solution set to more accurately estimate
synchronization between said first clock and said second
clock.

20. The computer storage device of claim 17, further com-

prising:

calculating a further linear inequality based on said first
and second correlation events, said further linear
inequality defining said linear relationship between said
first clock and said second clock; and

including said further linear inequality 1n said solution set.
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